This paper presents a finding of producing nanoparticle dispersed bulk glassy alloys in a Cr-modified Pd-Cu-Ni-P (PCNP) system by using a copper-mold casting technique. The PCNP alloys with the compositions near Pd 40 Cu 30 Ni 10 P 20 possess high glass-forming ability (GFA) resulting from their exceptionally small nucleation rate. Cr additions in Pd 40 Cu 30−x Ni 10 P 20 Cr x (x = 1-5 at%) alloys result in homogenous nucleation of Ni 33 Cr 33 P 34 when these alloys are solidified from liquid state. The composition of the remaining liquid changed to that near Pd 40 Cu 30 Ni 10 P 20 by the precipitation of Ni 3 Cr 33 P 34 and the matrix can be easily solidified to a glassy phase, leading to the formation of a mixed structure consisting of nanoscale Ni 33 Cr 33 P 34 particles embedded in a glassy phase. The particle size is significantly affected by alloy composition and cooling rate.
Introduction
Two methods have been used to produce nanoparticledispersed bulk metallic glasses (NBMGs): 1) annealing of a cast glassy alloy to an elevated temperature; and 2) casting of a molten alloy. 1) However, little is known about NBMGs which have been successfully made by the casting method. 2) In the case of the annealing method for production of NBMGs, the importance of the following four criteria has been pointed out: 1) 1) multistage crystallization process; 2) existence of homogeneous nucleation sites in a glassy phase; 3) suppression of growth reaction caused by segregation of solute element with low atomic diffusivity at the nanocrystal/glassy interface; 4) high thermal stability of the remaining glassy phase resulting from the enrichment of solute elements which are rejected from the primary crystalline phase. Although no definite requirements (criteria) for producing NBMGs by the casting method remain known, we can point out the following several factors, i.e., 1) homogeneous nucleation sites in melt, 2) slow growth rate of nuclei, 3) high GFA of the remaining liquid. It is well known that the PCNP alloys with compositions around Pd 40 Cu 30 Ni 20 P 20 possess exceptionally high glass-forming ability.
3) The high GFA of the PCNP alloys has been attributed to the exceptionally small nucleation frequency, low atomic diffusion rate and high viscosity. 1, 4) These features make the PCNP alloys good model materials for producing NBMGs by the casting method. The present aim is to clarify the way of introducing homogenous nucleation sites during cooling of the PCNP molten alloy without detriment to its high GFA. The achievement has scientific and technical importance. Very recently, we have found that Cr addition to the PCNP alloy results in a homogenous nucleation of Ni 33 Cr 33 P 34 phase during solidification of the PCNP molten alloy. This paper presents the effects of Cr addition and cooling rate on the formation of the mixed structure consisting of nanoscale crystalline particles embedded in a glassy phase.
Experimental Procedure
Several Cr-added PCNP alloys of Pd 40 Cu 30−x Ni 10 P 20 Cr x (x = 0-5 at%) were examined in the present study. Alloy ingots were first prepared by arc melting the mixtures of pure Pd, Ni and Cu metals and pre-alloyed Pd-P ingots in an argon atmosphere. The ingots were subsequently subjected to flux treatment with B 2 O 3 by the same arc melting method. Finally, from these flux treated ingots, cylindrical rods of 3 mm in diameter were prepared by injection casting of the molten alloys into copper mold with a cylindrical cavity. For comparison, alloy ribbons were also prepared by the meltspinning method. The cast structure was examined by X-ray diffraction (XRD), transmission electron microscopy (TEM) and scanning electron microscopy (SEM). Their thermal characteristics were examined by differential scanning calorimetry (DSC). Phase compositions were determined by energy depressive spectroscopy (EDS) equipped with an electron microprobe.
Results and Discussion
The cast structure of the Pd 40 Cu 30 Ni 10 P 20 alloy consisted of a glassy phase, in agreement with the previous data. Fig. 2 , contain a broad peak and some weak diffraction peaks, indicating that the alloys are composed of glassy phase containing a small amount of crystalline phase. These weak diffraction peaks are identified as a Ni 33 Cr 33 P 34 compound with a hexagonal structure (hP9). of the cast rod, which was not shown here. It is noted that both the 1 at%Cr-added ribbon and the Cr-free rod are composed of a glassy single phase, which are confirmed by XRD and TEM analyses. The DSC curves of the 1 at%Cr-added ribbon and the 1 at%Cr-added rod samples are composed of two crystallization peaks. But the first peak for the 1 at%Cr-added rod sample is very weak, suggesting that the composition and structure in the glassy phase are different between the Cr-added ribbon and the Cr-added rod. On the contrary, the peak temperature of the main crystallization reaction for the Cr-added rod agrees well with that of the Cr-free alloy (Pd 40 Cu 30 Ni 10 P 20 ). This indicates that the crystallization behavior of the glassy phase in the 1 at%Cr-added rod is similar to that of the Cr-free alloy. It is therefore said that the glassy phase in the Cr-added rod sample is similar to that of the Crfree alloy. 20 . This result is consistent with the data that the crystallization behavior of the glassy phase in the 1 at%Cr-added cast rod is similar to that of the Cr-free glassy alloy (see Fig. 3 ).
The microstructural and compositional analyses indicate that the Ni 33 Cr 33 P 34 phase is formed during solidification. During cooling from high temperature, the melt undergoes partial solidification by the nucleation and growth of Ni 33 Cr 33 P 34 phase. With proceeding solidification, the liquid composition changes to near Pd 40 Cu 30 Ni 10 P 20 , leading to an increase in the glass-forming ability of the remaining liquid. Finally, the remaining liquid solidifies to a glassy phase, resulting in a two-phase microstructure consisting of Ni 33 Cr 33 P 34 particles embedded in the glassy matrix.
Some chemical and metallurgical factors affect the partial crystallization process during solidification. It is worth noting that the particle size decreases with decreasing Cr content. As seen in Fig. 1 , the largest particle size in the 5 at%Cr-added alloy is about 3 µm, while the largest particle size in the 1 at%Cr-added alloy is less than 1 µm and the size of almost all the particles is in the range of 100 to 800 nm. The decrease of Cr content to 0.8 at% does not cause a systematic decrease in the particle size, though no data are shown in this paper. When the Cr content was less than 0.5 at%, no Ni 33 Cr 33 P 34 phase was formed and a single glassy phase was obtained by the casting method. Considering that the Ni 33 Cr 33 P 34 compound is a Ni-P-rich phase, it is expected that the fine adjustment of alloy composition by slight increase in Ni and P contents increases the nucleation site. To examine this point, a Pd 34 Cu 27 Ni 12 P 22 Cr 5 alloy was prepared. Figure 4 shows the BEI micrograph of the 5 at%Cr alloy. It is seen that the size of almost all Ni 33 Cr 33 P 34 particles except a few large dendritic particles is less than 1 µm, which is much smaller than that of the cast Pd 40 Cu 25 Ni 10 P 20 Cr 5 alloy (see Fig. 1(a) ). This indicates that the use of the appropriately tailored alloy composition produces a glassy phase containing homogenously dispersed nanoparticles. The cooling rate is another important factor which affects the particle size. Figures 5(a) to (d) show some BEI images taken from the outer and central regions in the cast Pd 40 Cu 29 Ni 10 P 20 Cr 1 rod of 3 mm in diameter. The cooling rate decreases from the edge to the center region of the cast sample. Correspondingly, as can be seen in Fig. 5 , the particle size increases from less than 100 nm in the outer region to about 800 nm in the central region. On the contrary, the particle density distinctly decreases from the outer to the central region. It is also worth noting that a very thin layer (less than 20 µm) consisting of a single glassy phase is formed in the outer region just near the surface. In fact, a positive temperature gradient exists in the melt from the outer to the central region because of the difference in cooling rate during solidification. Based on the classic nucleation theory, 6 ) the nucleation rate is suppressed at low temperature because of low atomic mobility, whereas at high temperature the nucleation driving force becomes small, leading to the suppression of nucleation rate. Therefore, the nucleation rate has a maximum at a critical temperature, i.e., at a position from the outer to the central region in the rod sample. In addition, the temperature in the central region is relatively high and hence the atoms have sufficient time to diffuse, resulting in the larger particle size in this region (see Fig. 5(d) ).
The new result in the present work is the formation of the unique mixed structure consisting of homogenously dispersed Ni 33 Cr 33 P 34 particles in the glassy matrix. This reflects a homogenous distribution of Ni 33 Cr 33 P 34 nucleation sites in the supercooled liquid. Based on the atomic distances and coordination numbers of each atomic pair obtained from the structural analysis of the Pd-Cu-Ni-P alloy by the X-ray anomalous scattering method, it has been assumed that the supercooled Pd-Cu-Ni-P alloy is composed of two large clustered units of a trigonal prism capped with three half-octahedra for the Pd-Ni-P region and a tetragonal dodecahedron for the Pd-Cu-P region. 1) For the Cr-added PCNP alloy, it is noted that the Ni 33 Cr 33 P 34 phase is Ni-Cr-P rich. It seems likely that a kind of Ni-Cr-P clustered units or Ni-Cr-P rich zone exists homogenously in the supercooled Cr-added PCNP alloy, which acts as nucleation site during solidification. This is supported from the result that the slight increase in Ni and P contents in the 5 at%Cr-added alloy increases significantly the nucleation site. On the other hand, it has been pointed out that the heat of mixing (∆H mix ) for each atomic pair greatly affects atomic configurations in the supercooled liquid.
7) The ∆H mix of Cr-P, Cr-Ni, Cr-Pd and Cr-Cu pairs are −41, −7, −15, and +12 kJ (mole of atoms) −1 , respectively. 8) Since the heat of mixing of Cr-Cu pair is positive, Cr atoms likely interact with other components, resulting in the formation of the Ni-P-Cr or Ni-P-Cr-Pd clustered units in the supercooled Cr-added PCNP alloy.
Summary
The nanoparticle dispersed glassy composites were directly formed in the Cr-added PCNP alloys prepared by the coppermold casting method. During cooling of the Cr-added PCNP molten alloy, the Ni 33 Cr 33 P 34 compound homogenously nucleates and grows as a primary phase from the melt. As the primary compound phase precipitates, the composition of the remaining liquid changes to that near Pd 40 Cu 30 Ni 10 P 20 . This causes an increase in the glass-forming ability of the remaining liquid which enables the solidification to the glassy matrix phase. The size and density of the compound particles are strongly dependent on the alloy composition and cooling rate. The present study also indicates that the important factors for the production of the nanoparticle-dispersed bulk metallic glasses are as follows: 1) homogeneous nucleation sites in melt, 2) slow growth rate of nuclei, and 3) high GFA of the remaining liquid.
